We describe two enzyme-linked immunosorbent assays for rotavirus antigen in feces, which were designed to be as sensitive and specific as possible, and easy to use anywhere. Both are indirect methods, using the antibody capture method, but the second assay utilizes a rotavirus group-specific monoclonal "detecting" antibody instead of the hyperimmune polyvalent guinea pig antisera used in the first assay. Both tests weîe found to be more sensitive than electron microscopy for detecting virus. To develop these tests, solid phase, antiserum production methods, treatment of the test antigen with EDTA, substrate, stability of reagents, and the need for confirmatory "blocking" tests were all examined. The first assay described is that used at present by the World Health Organization for their worldwide diarrheal disease control program.
The enzyme-linked immunosorbent assay (ELISA) technique has been adopted by the World Health Organization as the standard method for the detection of rotavirus antigen in stools. Much has been written about the role of this technique in diagnosing rotavirus diarrhea (16) , and its value is now firmly established. For use in developing countries, tests for rotavirus must be highly sensitive, specific, simple to perform, inexpensive, include a confirmatory test for positive reactions, and have a reasonably long shelf life. Most tests previously described for rotavirus detection do not satisfy all of these criteria. In developing countries the main use of diagnostic tests for rotavirus is to provide information about epidemiology (in so far as the World Health Organization diarrhea control program is concerned), and for this reason we do not consider speed a first priority.
In this paper we describe the development of two similar ELISAs based on polyclonal and monoclonal antibodies, respectively, for rotavirus infections.
MATERIALS AND METHODS
Solid phase. Many different microtiter plates from different makers were tested for their usefulness as solid phases. These included plates made of polystyrene plastics, some of which had been irradiated by the manufacturers with gamma rays from a 90Co source, and those made of polyvinyl. Their efficiency in binding both monoclonal and polyclonal antibodies was determined by comparing optical density (OD) curves derived from ELISA titration tests for rotavirus antigen as described below.
Capture antibody. Capture antibody was, in most cases, a hyperimmune rabbit anti-rotavirus serum ("720") raised against complete and incomplete rotavirus particles of subgroups I and Il (derived from the feces of infected children) by the method of Beards (2) . A hyperimmune serum from guinea pigs immunized in the same way was also used. The use of the monoclonal antibody as a capture antibody was also investigated; for this, immunoglobulin G (IgG) was * Correspohding author. separated from ascitic fluid by gel filtration. With threedinmensional chessboard titration, optimum pH, the molarity of NaCl in the phosphate buffer, and globulin concentration for its attachment to the solid phase were determined by using the single-sandwich ELISA test described betow.
Antigens. Antigens were 10% (vol/vol) fecal extracts in phosphate-buffered saline (PBS) containing 320 mg of crystamycin and 10 mg of amphotericin B per ml, clarified by lowspeed centrifugation and stored at -20°C. Immediately before use they were diluted 1:4 in PBS (pH 7.4) containing 0.1% polyoxyethylene sorbitan monolaurate (Tween 20) and 0.01 M EDTA disodium salt (PI3S-T-EDTA). Specimens were obtained from the United Kingdom and other countries during 1980 to 1983, and to date more than 3,000 specimens have been tested. "Detecting" antibody. Three sera were evaluated: (i) a hyperimmune guinea pig anti-rotavirus serum obtained from the National Institutes of Health, Bethesda, Md., produced under contract for the World Health Organization; (ii) a guinea pig serum similar in titer and specificity produced by us by the same method as that used to produce the capture antibody; (iii) a rotavirus group-specific monoclonal antibody produced from the spleen cells of BALB/c mice which had been immunized with purified complete (7) . Three different methods of conjugating the purified IgG with alkaline phosphatase (Sigma Chemical Co., St. Louis, Mo.), horseradish peroxidase (Sigma), or both were tried . To a mixture of enzyme and antibody 0.2% glutaraldehyde was added. After being mixed for 18 h at 4°C, it was dialyzed against phosphate buffer as previously described (1). This method was used to make alkaline phosphatase and horseradish peroxidase conjugates. The periodate method already described (11) was used for alkaline phosphatase conjugation. The succinic ester linkage method of Nilsson et al. (12) was used to conjugate peroxidase.
Substrates. For alkaline phosphatase conjugates the substrate was p-nitrophenyl phosphate disodium (5-mg tablets; Sigma) in diethanolamine buffer, pH 9.8, at a concentration of 1 mg/ml. For peroxidase conjugates three substrates were evaluated: (i) orthophenylamide diamide (OPD) (Miles Laboratories) at 0.4 mg/ml, (ii) 3,3',5,5'-tetramethylbenzidine (TMB) (Miles Laboratories) at 0.1 mg/ml, and 2,2'-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS) (Sigma) at 0.4 mg/ml. For OPD a 0.1 M citrate phosphate substrate buffer (pH 6.0 to 6.1) was used, for TMB a 0.1 M sodium citrateacetate buffer (pH 6.0 to 6.1) was used, and for ABTS a 0.1 M citrate-phosphate buffer (pH 4.0) was used. The pH of each buffer was critical. If, using TMB or OPD, the pH was more than 6.3 and less than 5.9, considerable loss of sensitivity resulted. At >6.6 and <5.6 pH there was no reaction. TMB is insoluble in water and so was first dissolved in dimethyl sulfoxide (2 mg diliution. Double-sandwich ELISA, using monoclonal detecting antibody. The double-sandwich ELISA was performed exactly as the polyclonal test, except that the detector antibody was monoclonal antibody produced in the peritoneal cavity of a mouse as described above and had a working titer of 1:10,000; the conjugate and substrate were from the TMBperoxidase system described above. Before the addition of substrate, the plates were washed once in substrate buffer (without substrate); this reduced the background reaction (9) . The reactions were stopped with the addition of 50 ,ul of 1 M HCI per well.
Single-sandwich ELISA, using monoclonal antibody only. Microtiter plates were coated with monoclonal IgG at dilutions of 1:30,000 and 1:300,000 in 0.1 M phosphate buffer, pH 8, and containing 1.0 M NaCl. Rotavirus-positive specimens in 0.1% phosphate buffer, pH 8, of feces diluted as above in PBS-EDTA buffer from 1:10 to 1:1,000 were allowed to react overnight at4°C. The next day after washing as above, serial dilutions of conjugatedmonoclonal antibody were added and allowed to react for 2 h. After the wash, substrate was added. After optimal dilutions (1:100,000 for counting serum and 1:100 for conjugate) had with alkaline phosphatase by using the glutaraldehyde method and with peroxidase by using the N-succinimidyl 3-(2-pyridylithio)propionate (SPDP) and periodate methods were evaluated and compared.
Effect of EDTA. Beards and Bryden have already given a preliminary description of the effect of EDTA when incorporated into the antigen buffer for rotavirus group-specific ELISA (3) . In this study the effect of 0.01 M EDTA on four samples, including one sample from a neonate which had a high calcium content (7) was examined by performing parallel titrations, with and without EDTA, and plotting OD curves.
Stability of reagents. Our objectives in this study included the development of an ELISA kit with an efficiency that was not impaired by shipment to developing countries in which adverse weather conditions, storage, and handling might present a problem. Two experiments were performed to investigate this. Complete kits were air freighted to India and Australia from which they were returned to our laboratory unopened. They were then used in parallel with kits that had been prepared at the same time but stored at 4°C. ( We thank V. Mathan and I. Holmes for their kind cooperation.) Reagents considered the most delicate and critical to the test' (the conjugate and detector antibody) were stored for 2.5 weeks at 40°C in the presence and absence of sodium azide 0.01% and tested in parallel with reagents that were kept frozen.
To determine the stability of the individual components for the polyclonal and monoclonal tests, trials were undertaken to determine the half-life of each reagent in the polyclonal ELISA at different temperatures. The reagents were divided into adequate volumes for use during the trial and placed in incubators at 24, 37, and 45°C. Throughout the duration of its trial each reagent was tested weekly, using standardized incubation periods, against samples of the same batch of reagents which had been stored at 4 or -20°C as appropriate. The trials were continued for 34 to 41 days or until the activity of the reagent was less than 50% of its original value.
Use of precoated and dried plates. To simplify the test procedure the stability and efficiency of precoated and dried plates was investigated. Nunc 239454 microtiter plates were coated by Seward Laboratories Ltd. with rabbit anti-rotavirus serum 720 for 2 h at 37°C as described above. They were then washed with distilled water, dried for either 1 or 2 h at 40°C, and sealed individually with aluminum foil, enclosing a desiccant. After storage for 2 weeks they were tested in parallel with freshly coated plates. They were also tested after being sent by airmail to laboratories in India, Bangladesh, and Australia from which they were returned by airmail unopened.
Subgrouping of rotaviruses. Subgrouping was performed by the ELISA method of Thouless et al. (13) .
Electron microscopy. Electron microscopy was used as the reference test throughout the investigation. After clarification by low-speed centrifugation, the specimens were concentrated by using ammonium sulfate precipitation, absorbed onto carbon-Formvar-coated grids, and negatively stained with potassium phosphotungstate (pH 7.0). Figure 1 higher antibody binding capacity than the other plates tested. Not shown are results from some brands of plates, fortunately few, whose behavior was variable and unpredictable. Pretreatment of plates for 1 h with 2% glutaraldehyde, followed by washing in PBS, raised the performance of the nonirradiated polystyrene plates to about that of the polyvinyl plates (this procedure was suggested to us by the late Raoul Scherrer). It had no beneficial effect on irradiated polystyrene plates.
RESULTS
"Edge effects" (wells along the edge giving different results from inner wells) were sometimes observed with polyvinyl but never with irradiated polystyrene plates. One could always use the whole polystyrene plate. Figure 2 illustrates OD versus dilution curves given by a sample of clarified fecal suspension, using a goat antirotavirus serum obtained from the National Institutes of Health, a hyperimmune guinea pig antiserum raised against incomplete rotavirus particles, the rabbit 720 antiserum, and the monoclonal antibody as capture antibody at dilutions of 1:10,000. The same sera (at the same dilution) used as detecting antibody gave very similar curves. It can be seen that by far the best results were given by monoclonal antibody, although the endpoint obtained with rabbit serum 720 was not greatly different. Higher concentrations of serum gave no advantage when used either as capture or detecting antibody. Figure 3 illustrates the relative sensitivities of the poly- antigen of different subgroups. However, the greater sensitivity of the double-sandwich monoclonal test can be seen. It could detect both of these two antigens even when they were diluted 1:500; the polyclonal test, on the other hand, could not detect them beyond a 1:8 to 1:16 dilution. Figure 4 illustrates curves of OD versus peroxidase conjugate concentration, obtained with three different substrates (OPD, TMB, and ABTS). The use of TMB gave an approximately four-to eightfold increase in the sensitivity of the test. No significant difference in sensitivity was observed between either OPD or ABTS.
No effect on the monoclonal antibody was observed when stored in the presence of 0.01% sodium azide for 2.5 weeks, but the conjugate lost some activity (0.3 OD units) when sodium azide was not included, possibly because of bacterial contamination (but this could not be confirmed). Figure 5 illustrates the effect of adding 0.01 M EDTA to antigen buffer. This caused a reproducibly higher OD reading and antigen dilution endpoint, observed with many samples. This effect was demonstrated in both the monoclonal and polyclonal test and also with a commercially available one (3) . Sample d was a neonatal specimen which had a high calcium content, demonstrating that the concentration of EDTA used was sufficient to chelate the calcium in these samples. This sample also gave a prozone reaction; this was observed with many other samples but only when EDTA was included and might perhaps be a result of the high calcium level present in the low dilutions of antigen. However, increasing the concentration of EDTA 10-fold did not remove the prozone. Figure 6 illustrates OD versus antigen dilution curves obtained with precoated dried plates and freshly coated plates. The freshly coated plates did not give results that were significantly better. animal as the control. Although hyperimmune goat serum was not as useful as rabbit serum for coating plates, it was very effective as a blocking antibody, as was the rabbit serum. Occasionally, a sample of feces needed to be diluted 10-fold to demonstrate blocking; one extremely virus-rich specimen had to be diluted 1:100. Blocking tests could be performed in the wells of the test plate and did not have to be performed separately. No difference in OD was observed when 22 samples were tested in parallel by both methods. Figure 7 is an electron micrograph of the reaction between the monoclonal antibody and a subgroup I serotype 2 rotavirus suspension. (This was a different subgroup from that used to produce the monoclonal antibody.) Antibody adhered only to incomplete particles. This and positive ELISA performed with rotaviruses from rabbits, mice, calves, lambs, pigs, monkeys (SA11), and horses demon- (14) should allow such high-titer sera to be more easily produced and made available; until recently we have had to use antigen purified from feces as inoculum.
Because a group-specific antibody was required, attempts were made to raise satisfactory antisera from tissue cultureadapted bovine rotavirus (UK Compton strain). The results were discouraging, since a significant number of electron microscopy-positive samples were not detected when tested by ELISA with such-sera. Furthermore, the ODs obtained with those samples giving positive reactions did not correlate with the number of particles seen under the electron microscope. It was discovered later that although the anti-bovine rotavirus sera contained group-specific antibodies, they also contained an approximately equal proportion of subgroup Ispecific antibodies and were biased towards samples containing subgroup I rotaviruses. To overcome this problem, while the monoclonal reagents were being developed, we produced polyvalent hyperimmune sera by inoculating mixtures of rotavirus from a number of sources and both subgroups, which at that time could only be obtained by purification from feces.
The choice of a solid phase was very important. Irradiated polystyrene plates had the highest binding capacity. Cost is also important; unfortunately, we have not yet found a method of cleaning these plates so that they can be used again.
The effect of EDTA on rotavirus particles has been exploited not only for pretreatment of samples for testing, but also for pretreatment of inocula when raising antisera. EDTA converts complete rotavirus particles (1.36 g/ml in CsCI) to their incomplete form (1.38 g/ml in CsCl), thus exposing the rotavirus group antigen (6) . Samples containing predominantly incomplete particles are not affected by EDTA when tested by ELISA, but samples containing predominantly complete particles may give false-negative reactions unless EDTA is included. This phenomenon has been previously described (3) . Sufficient EDTA must be included to overcome high calcium ion levels present in many neonatal samples (7) .
The main deficiency of some rotavirus tests previously described is the absence of reagents for confirming positive reactions. As already reported (4), false-positive reactions do occur. Quite often, this is due to a rheumatoid factor-like substance in fecal extracts. The blocking test described here clearly detects such false-positive results because the rheumatoid factor-like substance reactions are blocked to the same extent by pre-and postimmune antisera. The importance of confirmatory blocking tests has been emphasized by other laboratories (4) . With the use of electron microscopy as a reference test, falsely negative reactions have not, to our knowledge, been a problem. However, two samples were falsely negative, possibly owing to the presence of attached antibody, presumably IgA, which was detected by electron microscopy (no antibody was observed in any ELISA-positive sample). Another sample was negative because the virus was antigenically completely distinct from other rotaviruses. Such rotaviruses have been described by other laboratories (5) . Little is known as yet about their prevalence and pathogenicity. (A separate ELISA will be necessary to detect these viruses. ) The removal of excess reagents from the plates by washing is an important part of the test. Although great care is taken at each stage, the washings are potentially infectious and simple, safe, effective, and cheap methods for doing this need to be made available.
The choice of substrate is important. Many peroxidase substrates are carcinogens; TMB used in this study has not been found to be carcinogenic on testing in rats and gave a negative result by the Ames test (10) . Also, alkaline phosphatase conjugates and substrates tend to be more expensive than peroxidase ones. Other factors which influence choice of substrate include whether the test is going to be read by eye or spectrophotometrically and, if the latter is the case, which filters the spectrophotometer is fitted with.
